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The field of protein NMR spectroscopy has developed
spectacularly in the past decade, due largely to the develop-
ment of multidimensional heteronuclear techniques [1–3].
These techniques make use of efficient coherence transfer
pathways both within individual amino acid spin systems
and between spin systems, through the peptide bond, in
proteins that are uniformly labeled with 13C and/or 15N.
Their introduction has extended the size limit for structure
determination by NMR spectroscopy from ∼10 kDa to well
over 20 kDa. Isotopically labeled proteins are usually pre-
pared by overexpression of Escherichia coli strains grown in
the appropriate isotope-enriched minimal medium or, more
expensively, in media supplemented with isotope-labeled
algal hydrolysates. It is imperative that high levels of
protein production be obtained, preferably greater than
5–10 mg protein per litre of culture medium, in order to
minimize the use of costly labeled nutrients.
The successful preparation of labeled proteins requires
the gene encoding the protein to be available for heterol-
ogous expression. A gene is typically isolated from a
genomic library of the natural host. For small proteins (up
to 200 amino acids), for which amino acid sequences are
known, however, gene synthesis provides an attractive
alternative for a number of reasons. Firstly, host-specific
preferred codons can be incorporated into the gene
sequence to maximize the level of gene expression.
Perhaps more significantly, ‘rare codons’ that reduce
expression levels [4,5] can be avoided. Secondly, unique
restriction sites can be built into the sequence at defined
intervals, greatly simplifying gene alteration by ‘cassette’
substitution. In the past, genes were synthesized using
strategies that included enzymatic ligation of preformed
duplexes or polymerase-mediated filling-in reactions
involving partially overlapping oligonucleotides (reviewed
in [6]). These protocols, however, are cumbersome, inef-
ficient and can often be time-consuming, thereby account-
ing for the general unpopularity of the synthetic approach.
In this article, we describe how the introduction of the
polymerase-chain reaction (PCR; [7]) has resulted in
greatly improved protocols for gene assembly/synthesis.
These new methods have reduced the time it takes from
synthesis to gene expression to a few weeks, similar to
that taken by the cloning approach. Here, we survey PCR-
based protocols for gene synthesis and briefly review
their application to the NMR spectroscopic analyses of
selected proteins.
PCR-based strategies for gene synthesis
In the past, the most direct way to construct a synthetic
gene has been to mix overlapping preformed duplexes
(phosphorylated synthetic oligonucleotides) and ligate the
ends enzymatically in a shotgun manner [8]. The yield of
the full-length product, however, is known to decline dra-
matically with increasing number of initial duplex frag-
ments. A more common practice has been to construct
separate segments of the gene from a smaller number of
duplex oligonucleotides, amplify each fragment by sub-
cloning into a shuttle vector and ligate the fragments to
give the full-length gene [9]. Although this approach
ensures high efficiency for each step, the intermittent sub-
cloning and bacterial amplification steps make the entire
procedure very time-consuming. More recently, gene frag-
ments of ∼300–500 nucleotides have been assembled in
single-tube annealing and ligation reactions [10,11].
PCR provides a means by which fragment ligation can be
performed efficiently and the product amplified rapidly.
Two partially overlapping oligonucleotides can be specifi-
cally annealed by a thermal denaturation–renaturation
step. Extension of the nascent strands from the 3′-hydroxyl
groups by a thermophilic polymerase yields a duplex
product that contains sequences from the original oligonu-
cleotides. The high specificity of strand hybridization that
generates the initiation substrate can be ensured by
designing a long (18–25 bp) segment of complementary
sequence. The duplex product is then amplified by
repeated thermal-cycling reactions in the presence of
excess amounts of short primers (terminal primers) that
hybridize onto the flanking sequences. A typical PCR run
can be completed in 2–4 h. Figure 1 summarizes a number
of PCR-based protocols for gene synthesis. 
PCR from crude oligonucleotide mixtures
Most of the protocols in Figure 1 utilize oligonucleotides
that are purified to homogeneity after the solid-phase syn-
thesis. Ciccarelli et al. [12], however, have reported that
long duplexes (> 300 bp) can be selectively amplified from
a crude mixture of the full-length top and bottom strands
and their failed products, in the presence of two terminal
primers (Figure 1a). Because solid-phase oligonucleotide
synthesis proceeds in the 3′→5′ direction, all oligonu-
cleotide products contain the binding sequence for a ter-
minal primer and, hence, the corresponding complementary
strands can be generated with repeated thermal cycles.
The full-length duplex is produced from either direct
amplification of the full-length bottom plus top strands or
5′→3′ strand extension of any pair PCR products that arise
from the failed oligonucleotides and contain the appro-
priate complementary ends. Although the this method
(Figure 1a) is direct, it is not highly recommended as it is
very dependent on the overall performance of the auto-
mated DNA synthesizer
PCR with long overlapping oligonucleotides
The recursive-PCR procedure (Figure 1b), first intro-
duced in 1990 [13] and implemented with some variations
in later reports [14–17], makes use of long partially over-
lapping oligonucleotides, the sequences of which are
taken from both strands of the gene. In the first cycle, a
duplex is produced from each pair of adjacent oligonu-
cleotides; these duplexes are ‘fused’ in the succeeding
cycles, progressively leading to the full-length gene. The
PCR-mediated assembly is performed in a ‘single pot’
(Figure 1b, i→ii→iii). The product is amplified (Figure 1b,
iii) either by transferring an aliquot to a separate tube con-
taining excess amounts of short flanking primers or by
adding these primers directly to the assembly reaction after
the appropriate number of thermal cycles (> n, where 2n
determines the number of oligonucleotides). Often, when
the terminal oligonucleotides are present at the onset of the
PCR-mediated assembly, the yield of the amplified product
is reduced and/or secondary PCR products arise [18].
PCR with single-stranded oligonucleotides
A gene can also be constructed from oligonucleotides rep-
resenting primarily one strand of the duplex [19]. In
Figure 1c, long non-overlapping oligonucleotides repre-
senting the top strand are mixed with short ‘bridging’
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Figure 1
Protocols for PCR-mediated gene synthesis.
The full-length dsDNA (center) can be
constructed either from long oligonucleotides
that represent both coding and non-coding
(a,b) strands or from oligonucleotides that
represent primarily one strand of the final
duplex product (c,d). Filled arrows correspond
to templated 3′-OH groups and hence
represent the direction of polymerase-
catalyzed extension during the next thermal
cycling step. Filled circles correspond to the
non-templated 3′ ends. Dashed lines (a)
represent failed products (i–j long, where i > j
and i is the number of bases of the full-length
product) of the solid-phase oligonucleotide
synthesis.
primers complementary to sequences at the junction of
adjacent oligonucleotides. The first thermal cycle results
in stepwise ligation of neighboring duplexes (Figure 1c,
ii→iii→iv). The final gene product is amplified with ter-
minal oligonucleotides in a separate reaction. 
PCR with single-stranded overlapping oligonucleotides
Figure 1d describes a protocol wherein the gene is sequen-
tially assembled from the 3′ end of the top strand to the 5′
terminus. The protocol makes use of long oligonucleotides
that correspond to one strand of the gene duplex and par-
tially overlap in the termini. In the first cycle, two over-
lapping oligonucleotides are fused to form a duplex
(Figure 1d, i→ii); this duplex is extended and amplified
using excess amounts of a terminal primer and the next
‘top-strand’ oligonucleotide to its 5′ end (Figure 1d, ii→iii).
The PCR is repeated using an aliquot from the previous
reaction — the terminal primer, and another extension
oligonucleotide — until the full-length gene is obtained.
The original report of this procedure called for a series of
PCRs to complete this scheme, but it should be noted that
the assembly can, in principle, be accomplished in a single
PCR run with all the extension oligonucleotides present.
As with the other methods, the product can be amplified
with terminal primers in a subsequent reaction. 
For the protocols described in Figures 1b–d, gene assem-
bly and amplification are or can be performed sequentially
in two PCR runs. Because product purification is not
required in between reactions, the process can be com-
pleted in a few hours. All three of these protocols should
be of similar efficiency and overall performance. The
overall success of these protocols also relies on low fre-
quency of mutation in the amplified products, which is
determined in part by the fidelity of the polymerase used
in the reaction. Thermostable DNA polymerases with
3′→5′ exonuclease ‘proofreading’ activities (e.g. Vent and
Pfu) have error rates of ∼10–5 per base per extension, about
a tenth of that of Taq polymerase [20]. The frequency of
errors in the final amplified product arising from poly-
merase-induced misincorporation is a function of the
enzyme fidelity, the number of PCR cycles and the length
of the PCR product [20]. For a 600-bp duplex product and
106-fold amplification, error induced by Taq polymerases
will constitute 70% of the amplified products or 1 × 10–3
error per base, assuming a uniform distribution across the
sequence. These error rates are considerably reduced, to
11% or 2 × 10–4 per base using the Vent polymerase. For
this reason, the use of these high-fidelity enzymes should,
in principle, reduce the need for exhaustive screening for
a gene product with a fully correct sequence.
Applications of gene synthesis in structural biology
Rusticyanin
Rusticyanin (Rc) is a 155-residues type 1 (‘blue’) copper
protein found in the periplasm of Thiobacillus ferrooxidans,
an organism that thrives in acid mine drainage [21]. 
The unusual stability of this protein under acidic condi-
tions, to pH values as low as 0.5, and its high copper
reduction potential make it an excellent model for
understanding extremophilic protein structure and redox
control of metalloprotein electron-transfer reactions. A
three-dimensional structure of Rc should, in principle,
provide definitive insights into the molecular basis of
these unique properties.
Attempts to generate [15N/13C]-labeled Rc by growing
Thiobacillus ferrooxidans in NaH13CO3 and (15NH4)2SO4
resulted in lowered bacterial growth rates and a low 13C
incorporation (< 10%) into the exogenously produced Rc
[22]. It became apparent that the development of an E. coli
expression system is necessary to obtain efficient (> 99%)
labeling of the protein. The structural gene for rusticyanin
had not at that time been cloned, although this has since
been reported [23]. Instead of isolating the natural gene,
which was likely to utilize different codons from those
favored by E. coli and lead to poor expression levels, we
opted to construct a 516-bp duplex (Figure 2) containing
an artificial Rc gene and its flanking cloning sites [17]. The
sequence was dissected into eight overlapping oligonu-
cleotides (each 76–93 bases long) which can be assembled
into the duplex product via recursive PCR.
As a first step in designing the Rc gene, a DNA sequence
was constructed consisting of only the codons most favored
by E. coli [24] for each amino acid in the protein sequence.
The DNA sequence was then analyzed for the presence of
repeats (direct and inverted) and palindromes that could
potentially lead to mispriming events and nonproductive
annealing during the thermal-cycling reactions. Such fea-
tures were then eliminated by judiciously substituting the
sequence with alternative codons (i.e. for a given amino
acid, the second-most preferred codon for E. coli), while
retaining the encoded protein sequence. Iterative rounds
of sequence analyses and modifications were performed
to design the optimum sequence for PCR synthesis 
and expression. Any software package (e.g. IGTM Suite,
GCGTM) capable of analyzing nucleic acid sequences for
the aforementioned sequence elements should be suitable
for this application.
The oligonucleotides were synthesized with the addition
of a terminal dimethoxytrityl groups (DMT). The full-
length DMT-containing oligonucleotides were purified
by reverse-phase chromatography and the DMT groups
were removed by treatment with acid. The PCR-medi-
ated assembly of the Rc gene from these oligonucleotides
resulted in a single amplified product of the correct mol-
ecular size (Figure 3). The design, synthesis and sub-
cloning of the gene, together with expression of the
protein in E. coli, development of purification protocols
and production of samples uniformly labeled with 15N
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and doubly labeled with 15N and 13C for NMR spectro-
scopic studies were accomplished in a remarkably short
period of time (~4 months). The yield of active, isotopically
labeled recombinant protein from cells grown in minimal
medium is approximately 100 mg/l.
The availability of the synthetic gene allowed facile
production of site-specific mutants. Two mutants were
produced, His85→Ala and Asp73→Ala; characterization of
these mutants was instrumental in resolving a controversy
in the literature, by determining that His85 was one of the
four copper ligands [17]. Complete 15N, 13C and 1H reso-
nance assignments were also determined for the diamag-
netic Cu(I) form of Rc using a series of isotope-edited and
triple-resonance experiments with both 15N-labeled natural
material [22] and 15N/13C-labeled recombinant material
[25]. A highly refined solution structure of this protein was
calculated on the basis of the NMR spectrum  (Figure 4;
[26]), which revealed the critical role of aromatic residues
and their orientation around the copper-binding site in
stabilizing the metal-ligand coordination at extremely acid
pH. The role of the orientation of backbone carbonyl
groups in destabilizing the Cu(II) state relative to the
reduced form, thereby accounting for the high redox
potential, were also revealed.
Leghemoglobin
The globins are excellent model compounds for studying
the detailed mechanism and pathways of protein folding.
Most studies to date have focused on the folding of
apomyoglobin [27,28]. To address the issue of evolutionary
conservation of protein folding pathways, we decided to
extend our NMR studies of folding to apoleghemoglobin,
for which purpose we required a source of isotope-labeled
1410 Structure 1997, Vol 5 No 11
Figure 3
Agarose gel electrophoretic analysis of the PCR product from the
assembly of the Rc gene, run alongside a molecular size ladder. The
number of base pairs is indicated.
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                     NdeI                             
                       |     
5'  gagtctgatatcggatcccatatg  3'
5'  GAGTCTGATATCGGATCCCATATGGGTACCCTGGACACTACCTGGAAAGAAGCTACCCTGCCGCAGGTTAAAGCTATGCTGGAAAAAGATACC  3'                        120
                                                                        3' TCGATACGACCTTTTTCTATGGCCGTTTCAAAGACCGCTATGACATTGG       
                         MetGlyThrLeuAspThrThrTrpLysGluAlaThrLeuProGlnValLysAlaMetLeuGluLysAspThrGlyLysValSerGlyAspThrValThr 32
                             1                                                                                       

                  5'  CACGTAGTTGCTGCTGCAGTACTGCCAGGCTTCCCGTTCCCATCCTTCGAAGTACACGACAAGAAAAACCCGACTCTGG  3'                    240
    ATGAGGCCATTTTGACAAGTGCATCAACGACGACGTCA  5'                              3' CTGTTCTTTTTGGGCTGAGACCTCTAGGGTAGTCCGCGTTGACAT   
    TyrSerGlyLysThrValHisValValAlaAlaAlaValLeuProGlyPheProPheProSerPheGluValHisAspLysLysAsnProThrLeuGluIleProAlaGlyAlaThrVal 72

               5'  aacaccaacaagggttttggtcac  3'                               
               5'  AACACCAACAAGGGTTTTGGTCACTCTTTCGATATCACTAAAAAGGGTCCGCCATACGCAGTTATGCCGGTTATCGATCCAAT  3'                   360
    CTGCATTGGAAGTAATTGTGGTTGTTCCCAAAACCAG  5'                                 3'AATACGGCCAATAGCTAGGTTAGCATCGACCGTGACCAAAGAGG 
                 aattgtggttgttcccaaaaccag  5'
    AspValThrPheIleAsnThrAsnLysGlyPheGlyHisSerPheAspIleThrLysLysGlyProProTyrAlaValMetProValIleAspProIleValAlaGlyThrGlyPheSer 112
                                                                
                                                                                             
                   5' AAGTTCGGTTACACCGACTTCACTTGGCACCCGACTGCAGGTACCTATTACTACGTTTGTCAGATTCCGGGCCACG  3'                       480
    GGCCATGGCTTTCTGCCATTCAAGCCAATGTGGCTGAAGT  5'                            3' ACAGTCTAAGGCCCGGTGCGTCGATGACCGTACAAACCGTTCTAG 
    ProValProLysAspGlyLysPheGlyTyrThrAspPheThrTrpHisProThrAlaGlyThrTyrTyrTyrValCysGlnIleProGlyHisAlaAlaThrGlyMetPheGlyLysIle 152

             3' cttaagcctaggttaagagccaca  5'
    CAACATTTTATTCTTAAGCCTAGGTTAAGAGCCACA  5'
    ValValLysOch       |              516
          155         BamHI
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Sequences of the eight oligonucleotides used to construct the artificial Rc gene using the recursive PCR method. 
protein. Leghemoglobin-a (Lb-a, 143 residues) is a member
of a genetically heterogeneous monomeric globin family
found in the root nodules of leguminous plants [29]; it
serves as a primary oxygen source in the symbiosis estab-
lished between plants and nitrogen-fixing Rhizobium bac-
teria. Because the Lb-a gene from soybean contains
intervening sequences and uses codons that are rarely
found in the E. coli genome [29], an artificial Lb-a gene
was designed and synthesized instead of attempting to
express the protein from the natural gene. The gene con-
struction was performed by recursive PCR, involving
eight overlapping oligonucleotides [18]. The synthetic
gene, under the control of a T7 promoter, yielded 40 mg
of purified protein per litre of bacterial culture in
minimal medium. The total time taken from design of
the gene to the first NMR spectrum of 15N-labeled
protein was of the order of 6 weeks. The ligand-binding
properties of the recombinant holoprotein, reconstituted
with heme, were identical to the natural material
obtained from soybean root nodules, and the backbone
15N and 13C chemical shifts of the diamagnetic carbon-
monoxy form confirm that the recombinant protein is cor-
rectly folded [18]. Seven helical segments have been
identified in the recombinant Lb-a from the observed
downfield shifts in 13Cα resonances relative to random
coil values [18], and their locations along the primary
sequence are in agreement with a low-resolution crystal
structure of Lb-a [30]. With these chemical-shift assign-
ments, it is now possible to define the local and gross
structural changes that accompany the folding process in
Lb-a. It is worthwhile to note that the cDNA for soybean
Lb-a has recently been cloned from a root nodule cDNA
library and expressed in E. coli [31]; yields of recombi-
nant protein were significantly lower (0.6–10 mg/l in rich
medium) than those obtained with the optimized syn-
thetic gene [18].
Summary
PCR-based gene synthesis offers an elegant solution to
the problem of producing large amounts of labeled protein
for NMR when the gene encoding the protein is unavail-
able or difficult to express efficiently. Unlike the more
cumbersome classical methodologies, the technique of
recursive PCR is a ‘one-pot’ yet highly efficient procedure
for assembling genes from relatively short synthetic oligo-
nucleotides. In this article, we have illustrated the utility
of this technique in the overproduction of two proteins of
very different polypeptide fold. The synthetic genes pro-
vided the opportunity to investigate the structural proper-
ties or folding of these proteins using multi-dimensional
heteronuclear NMR spectroscopy; it is apparent that the
techniques described in this article can readily be
extended to other protein systems. Indeed, the methods
have now been applied in our laboratory to several
additional proteins, including-zinc finger proteins of dif-
ferent types, with great success. The typical time required
to proceed from design and synthesis of the gene to the
first NMR spectra is about 2 months.
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